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Abstract
Protein tyrosine kinase 6 (PTK6), also called breast tumor kinase (BRK), is expressed in epithelial cells of various tissues
including the prostate. Previously it was shown that PTK6 is localized to epithelial cell nuclei in normal prostate, but
becomes cytoplasmic in human prostate tumors. PTK6 is also primarily cytoplasmic in the PC3 prostate adenocarcinoma cell
line. Sequencing revealed expression of wild type full-length PTK6 transcripts in addition to an alternative transcript lacking
exon 2 in PC3 cells. The alternative transcript encodes a 134 amino acid protein, referred to here as ALT-PTK6, which shares
the first 77 amino acid residues including the SH3 domain with full length PTK6. RT-PCR was used to show that ALT-PTK6 is
coexpressed with full length PTK6 in established human prostate and colon cell lines, as well as in primary cell lines derived
from human prostate tissue and tumors. Although interaction between full-length PTK6 and ALT-PTK6 was not detected,
ALT-PTK6 associates with the known PTK6 substrates Sam68 and b-catenin in GST pull-down assays. Coexpression of PTK6
and ALT-PTK6 led to suppression of PTK6 activity and reduced association of PTK6 with tyrosine phosphorylated proteins.
While ALT-PTK6 alone did not influence b-catenin/TCF transcriptional activity in a luciferase reporter assay, it enhanced
PTK6-mediated inhibition of b-catenin/TCF transcription by promoting PTK6 nuclear functions. Ectopic expression of ALT-
PTK6 led to reduced expression of the b-catenin/TCF targets Cyclin D1 and c-Myc in PC3 cells. Expression of tetracycline-
inducible ALT-PTK6 blocked the proliferation and colony formation of PC3 cells. Our findings suggest that ALT-PTK6 is able
to negatively regulate growth and modulate PTK6 activity, protein-protein associations and/or subcellular localization. Fully
understanding functions of ALT-PTK6 and its impact on PTK6 signaling will be critical for development of therapeutic
strategies that target PTK6 in cancer.
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Introduction
Protein tyrosine kinase 6 (PTK6), also known as breast tumor
kinase (BRK) in humans and Src-related intestinal kinase (Sik) in
the mouse, is structurally related to Src, but is a member of a
distinct family [1,2]. PTK6 was first discovered in a screen for
tyrosine kinases expressed in human cultured melanocytes [3], and
it was later cloned from human breast cancer cells [4] and the
gastrointestinal tract of the mouse [5]. PTK6 expression has been
detected in differentiated epithelial cells of the gastrointestinal tract
[5,6,7,8,9], oral epithelium [10], prostate [8,11], skin [3,6,12], and
lymphocytes [13]. Studies suggest that PTK6 promotes differen-
tiation in normal epithelia [12,14,15]. In normal intestine, PTK6
also negatively regulates growth [15] and promotes DNA-damage
induced apoptosis [16,17].
Although PTK6 is not expressed in normal mammary gland or
ovarian tissue [7,18], it is expressed in a high percentage of breast
[4,18,19,20] and ovarian cancers that have been examined [21].
Several studies indicate that PTK6 promotes oncogenic signaling
in breast cancer cells (reviewed in [1,22]). While PTK6 is
expressed in normal prostate, the intracellular localization of
PTK6 changes in prostate cancers; it is nuclear in normal prostate
epithelial cells, but relocalizes to the cytoplasm in prostate cancer
[11]. A variety of data now suggest that functions of PTK6 may
depend on its intracellular localization, access to specific substrates
and the tissue in which it is expressed ([23,24,25] and reviewed in
[1]).
The Wnt/b-catenin/TCF signaling pathway plays an important
role in the growth of many different cancers including those of the
prostate (reviewed in [26,27]). We recently demonstrated that b-
catenin is a direct substrate of PTK6, and that PTK6 regulates b-
catenin transcriptional activity in the human SW620 colon cancer
cell line, and in the mouse intestine [23]. The precise functions
that b-catenin signaling plays in prostate cancer are not well
understood, and its complexity is further compounded by crosstalk
of b-catenin with multiple signaling pathways involving factors
such as the androgen receptor [28], IGF-1 (insulin-like growth
factor 1) [29,30], AKT [29,31], osteopontin [32,33], and FoxO
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IGF-1 [37,38] and osteopontin [39]. In addition, PTK6 regulates
AKT [15,17,40,41], FKHR/FoxO1 [15,41] and FoxO3 [42].
There can also be competition between different signaling
pathways for b-catenin interactions, such as FoxO and TCF,
resulting in transactivation of different genes ([43] and reviewed in
[35,44]). Downregulation of Wnt/b-catenin signaling in cancer is
an attractive therapeutic target, and may be achieved by treatment
with various inhibitors (reviewed in [45]).
An alternatively spliced PTK6 transcript that encodes a 15 kDa
protein including the PTK6 SH3 domain and a unique proline-
rich carboxy-terminus was previously detected in the T47D
human breast cancer cell line [46]. Functions of this alternative
PTK6 isoform, originally called lm5 but referred to here as ALT-
PTK6 (alternative PTK6 isoform), have not been explored. We
found that ALT-PTK6 transcripts are present in human prostate
epithelial cell lines derived from normal prostate and prostate
adenocarcinomas, as well as in a variety of human cell lines. We
have examined potential roles of ALT-PTK6 and found that
PTK6 functions, including its ability to regulate b-catenin/TCF
transcription, can be influenced by ALT-PTK6. Knowing the
functions of ALT-PTK6 may be important for devising PTK6
targeted therapies.
Results
Two PTK6 transcripts are expressed in prostate and colon
tumor cell lines
Altered intracellular localization of PTK6 in prostate cancer
cells, including the PC3 cell line [11], raised the possibility that the
PTK6 gene might harbor mutations that contribute to altered
PTK6 localization. We analyzed the sequence of PCR-amplified
reverse-transcribed PTK6 mRNA and compared it to the PTK6
cDNA sequence in the database (accession NM_005975). No
mutations within the PTK6 sequences of PC3 cells were identified,
however the expression of the ALT-PTK6 transcript was confirmed
in PC3 cells (Figure 1). The RNA and protein expression of both
full-length PTK6 and ALT-PTK6 was previously reported in the
T47D human breast cancer cell line [46].
To examine expression of the ALT-PTK6 transcript in a variety
of human cell lines, primers specific to exon 1 (forward) and 3
(reverse) were designed to distinguish the PCR products from full
length PTK6 (407 bp) and ALT-PTK6 (285 bp) transcripts. Both
PTK6 and ALT-PTK6 transcripts were expressed concomitantly in
human prostate (BPH1, DU145, PC3) and colon (HCT116,
LIM1215, SW480) cell lines (Figure 1B). Expression of b-actin
served as a control. Levels of PTK6 transcripts containing exon 2,
which includes the full length PTK6 transcript but not ALT-PTK6,
and exon 8, which would encompass both full-length PTK6 and
ALT-PTK6, were also quantified using real time qRT-PCR and
primers specific to either exon 2 or exon 8 (Figure S1 A). Values
for each cell line were normalized to cyclophilin; to account for
differences in primer efficiencies, transcript levels determined by
primers specific to exons 2 and 8 were normalized to each other
using the pcDNA3-PTK6 expression construct, which contains
both exons 2 and 8 at a 1:1 ratio (Figure S1 B). The ratios of exon
8 to exon 2 were also determined (Figure S1 C). The HepG2 liver
cancer cell line does not express PTK6 and is a negative control.
Expression of PTK6 and ALT-PTK6 was also analyzed in
primary cultures of normal epithelial cells derived from fourteen
prostates (peripheral zone) and epithelial cells from fifteen prostate
adenocarcinomas using PCR (Figure 1D). Both full-length and
ALT-PTK6 transcripts were observed in cell lines derived from
normal prostate and prostate tumors. However, prostate cancer
cells express higher levels of the transcript encoding full length
PTK6 (Figure 1D and E). We have found that the protein encoded
by the full length transcript promotes growth of PC3 cells when it
is localized to the cytoplasm [25]. Unfortunately, neither
commercial antibodies specific for the amino-terminus shared by
PTK6 and ALT-PTK6 that were available at the time of this
study, nor the antibody stocks that originally detected expression
of both proteins [46] (a kind gift from Dr. Mark Crompton)
detected either endogenous protein in our hands. Despite multiple
attempts, we were unsuccessful in raising monoclonal antibodies
against ALT-PTK6.
ALT-PTK6 inhibits phosphorylation of PTK6
Although ALT-PTK6 was first described in 1997 [46], the
potential significance of its expression has not been studied. To
better understand the functions of ALT-PTK6, we generated a
Myc-epitope tagged ALT-PTK6 expression construct. HEK293
cells that do not express endogenous PTK6 were transiently
transfected with a constant amount of constitutively active PTK6
YF and increasing amounts of ALT-PTK6. Immunoblotting
showed decreasing tyrosine phosphorylation of proteins in total
cell lysates with increasing ALT-PTK6 (Figure 2A). Although we
detected some decrease in the levels of ectopic PTK6 YF when
increasing levels of ALT-PTK6 were introduced, greater inhibi-
tion of overall tyrosine phosphorylation was observed. Similar
results were observed following co-transfection of ALT-PTK6 with
PTK6 YF in the PC3 cell line (data not shown). Immunoprecip-
itation of equivalent levels of PTK6 YF revealed that addition of
ALT-PTK6 resulted in decreased association of PTK6 with
tyrosine-phosphorylated proteins (Figure 2B). Even at a PTK6
YF:ALT-PTK6 ratio of 1:1, association of PTK6 with phospho-
tyrosine proteins decreased. Tyrosine phosphorylation of a band
near 50 kDa that corresponds to PTK6 also decreased, and higher
levels of ALT-PTK6 reduced phospho-PTK6 levels even further.
The impact that ALT-PTK6 expression had on protein tyrosine
phosphorylation was quantified in Figure 2C. As is the case with
Src, PTK6 activity is regulated by intramolecular interactions of
the SH2 domain and phosphorylated carboxy-terminal tyrosine,
as well as by SH3 domain binding to the proline rich linker region
between the SH2 and catalytic domains [47,48,49]. However, we
did not detect ALT-PTK6 association with full length PTK6 in co-
immunoprecipitation experiments (Figure 2B).
While the major tyrosine phosphorylated proteins associated
with PTK6 were not identified in Figure 2B, we did detect ALT-
PTK6 association with known PTK6 substrates and interacting
proteins. Total cell lysates prepared from PC3 cells were incubated
with GST or GST-tagged ALT-PTK6 fusion protein and GST
pull down assays were performed. Association of the PTK6
substrates Sam68 [50] and b-catenin [23] with ALT-PTK6 was
readily detected (Figure 2D). These data demonstrate that ALT-
PTK6 participates in protein-protein interactions and may
compete with the full-length protein.
ALT-PTK6 enhances nuclear functions of PTK6
Recently, full length PTK6 was shown to inhibit b-catenin/
TCF transcription [23]. Although transcriptional inhibition of b-
catenin did not require PTK6 kinase activity, we observed direct
interaction between PTK6 and b-catenin [23]. To determine if
ALT-PTK6 can influence b-catenin/TCF mediated transcription
we used the Super 8X TOPFlash (TOPFlash) luciferase reporter
construct [51]. HEK293 cells were co-transfected with TOPFlash,
b-catenin and increasing levels of ALT-PTK6 plasmids. Addition
of ALT-PTK6 did not alter TOPFlash reporter activity
(Figure 3A). As expected, co-transfection of b-catenin and
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Interestingly, when increasing levels of ALT-PTK6 were co-
expressed with TOPFlash, b-catenin, and PTK6 YF, luciferase
reporter activity was further repressed (Figure 3B).
In our previous work, we showed that the subcellular
localization of PTK6 influenced the ability of PTK6 to regulate
b-catenin transcriptional activity [23]. To determine if ectopic
ALT-PTK6 expression had an impact on the intracellular
localization of PTK6 in HEK293 cells, transfected cells were
fractionated and localization of PTK6 and ALT-PTK6 was
examined by immunoblotting. PTK6 YF and ALT-PTK6 were
detected using Myc-epitope specific antibody, and the majority of
both PTK6 isoforms localized to the cytoplasm (Figure 3C).
However, increased expression of ALT-PTK6 resulted in a dose-
dependent decrease of PTK6 YF at the membrane and, more
importantly, an increase in nuclear PTK6 YF (Figure 3C and D).
ALT-PTK6 enhances PTK6-mediated repression of
b-catenin/TCF target genes in prostate tumor cells
Enhanced nuclear localization of PTK6 can contribute to the
repression of b-catenin/TCF targets [23]. Since ALT-PTK6 led to
repression of the b-catenin/TCF luciferase reporter (Figure 3B), we
examined the impact of ALT-PTK6 expression on the growth
promoting targets of b-catenin/TCF. To determine if PTK6 and
ALT-PTK6 can regulate b-catenin/TCF signaling in prostate cancer
cells, PC3 cells were transfected with a constant amount of PTK6 YF
Figure 1. Expression of PTK6 transcripts. A) PTK6 gene structure and its products. The PTK6 gene contains 8 exons. The transcript encoding full
length PTK6 contains all eight exons, but alternative splicing results in exclusion of exon 2 in ALT-PTK6. The PTK6 transcript encodes the full,
catalytically active 451 amino acid protein, while the ALT-PTK6 transcript encodes a protein that shares the first 77 amino acids (including the amino-
terminus and SH3 domain) with full length protein, and also contains a 57 amino acid novel, truncated proline rich carboxyl-terminus due to a frame
shift (striped area). Primers for semi-quantitative PCR that distinguish between full length and ALT-PTK6 are specific to exons 1 and 3 (arrows). B)
Semi-quantitative RT-PCR analysis shows that both PTK6 and ALT-PTK6 (ALT) transcripts are expressed in human prostate and colon cell lines. The
HepG2 liver cancer cell line does not express PTK6 and was used as a negative control. C) Quantification of PTK6 (grey bars) and ALT-PTK6 (white bars)
shown in B normalized to a b-actin loading control shows higher levels of PTK6 expression compared with ALT-PTK6 transcript. D) Both full length and
ALT-PTK6 transcripts are expressed in primary cultures of normal human prostate epithelial cells from the peripheral zone (Normal), as well as in
primary epithelial cultures from prostate adenocarcinomas (Cancer). E) Quantification of PTK6 and ALT-PTK6 transcripts expressed in normal prostate
epithelial cells (black bars) and prostate tumor cells (white bars) shown in D. The ratio of PTK6 over ALT-PTK6 from individual samples was graphed in
order from highest to lowest within cancer and normal sample groups (Top). The cancer and normal sample group mean was calculated with
standard error of mean (SEM) as error bars (bottom). Prostate tumor cells have a higher PTK6 to ALT-PTK6 ratio than normal prostate cells. The asterisk
(*) corresponds to a P-value of ,0.05.
doi:10.1371/journal.pone.0014789.g001
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TCF transcriptional targets Cyclin D1 and c-Myc were observed in
cells transfected with PTK6 YF (Figure 4A, - ALT-PTK6), similar to
what we previously observed in the SW620 colon cancer cell line
[23]. Introduction of ALT-PTK6 resulted in enhanced repression of
the b-catenin target genes compared with PTK6 YF alone. Levels of
b-catenin were not affected. Levels of Cyclin D1, c-Myc and b-
catenin were quantified and normalized to b-actin (Figure 4B).
ALT-PTK6 inhibits proliferation and colony formation of
PC3 prostate tumor cells
Activation of b-catenin/TCF regulated transcription often
contributes to tumor cell growth [52]. To determine if ALT-PTK6
can affect growth, stable PC3 cell lines expressing tetracycline-
inducibleALT-PTK6 were generated.Indirectimmunofluorescence
was performed to examine localization of induced ALT-PTK6
(ALT) and endogenous full length PTK6, and we found that both
proteins are predominantly cytoplasmic (Figure 5A, left panel).
Expression levels and cytoplasmic localization of ALT-PTK6 were
also examined by cell fractionation followed by immunoblotting
(Figure 5A, right panel). Induced expression of ALT-PTK6 did not
have a detectable impact on endogenous PTK6 expression or
intracellular localization in PC3 cells (Figure 5A). However, PC3
cells expressing ALT-PTK6 had reduced proliferation compared
with the uninduced control (Figure 5B). In agreement with the
reduction in cell proliferation data, colony formation of ALT-PTK6
expressing cells was also significantly inhibited compared with
uninduced control cells (Figure 5C). These results suggest that ALT-
PTK6 has a negative effect on growth in prostate cancer cells, which
correlates with its ability to enhance repression of b-catenin/TCF
regulated transcription (Figures 3 and 4).
Discussion
Our work, as well as the work of others, suggests that PTK6
subcellular localization influences its functions [11,23,24,25,53].
PTK6 is localized to the cytoplasm of PC3 cells and this cell line
provides a model for assessing the mechanisms underlying altered
PTK6 intracellular localization in prostate cancer. While a
mutation within the PTK6 gene was not identified, we found that
PC3 cells express both wild type full length PTK6 and alternatively
spliced ALT-PTK6 transcripts. The exclusion of exon 2 results in a
frame shift producing a transcript with an early stop codon, which
encodes a 134 amino acid protein that shares its amino terminus
and SH3 domain with full length PTK6, and contains a novel
proline rich carboxy-terminal sequence (Figure 1A) [46]. Analysis
of PTK6 transcripts expressed in BPH1, DU145 and PC3 prostate
cell lines, and HCT116, LIM1215 and SW480 colon cancer cell
lines showed the presence of full-length and alternatively spliced
transcripts (Figure 1B and Figure S1 B). ALT-PTK6 expression
does not appear to be restricted by cell type, and is expressed in
breast [46], prostate, and colon tumor cell lines (Figure 1B). Both
transcripts were detected in normal prostate cells, as well as
prostate tumor cells, suggesting that ALT-PTK6 is not restricted to
cancer cells (Figure 1C). Prostate tumor cells had a higher PTK6 to
ALT-PTK6 ratio than normal prostate cells. If protein levels are
representative, this suggests an additional mode of aberrant PTK6
function in prostate cancer, along with upregulation and
mislocalization. Interestingly, PTK6 itself could have an impact
on the regulation of alternative splicing, since PTK6 substrates
include a number of RNA binding proteins such as Sam68, SLM1,
and SLM2 [50,53], as well as PSF [54] that regulate splicing
[55,56,57,58].
A variety of proteins contain catalytic domains, which are
essential for specific enzymatic functions. Other regions mediate
binding, allowing proper positioning within the cell or conferring
substrate specificity. The SH2 and SH3 domains mediate protein
interactions and help to regulate enzymatic activity by stabilizing
specific protein conformations. Expression of ALT-PTK6 led to a
reduction of full length PTK6 YF protein tyrosine phosphoryla-
tion, as well as reduced phosphorylation of putative PTK6
substrates (Figure 2B). PTK6 activity is modulated by intramo-
Figure 2. ALT-PTK6 inhibits PTK6 phosphorylation and PTK6 association with other tyrosine-phosphorylated proteins. A) HEK293
cells were co-transfected with constitutively active PTK6 YF and ALT-PTK6. A dose-dependent reduction in tyrosine phosphorylation of proteins was
detected in total cell lysates (TCL). Empty vector was used to keep the total levels of transfected plasmid DNA equal. B) Immunoprecipitation of
comparable levels of PTK6 shows reduced association between PTK6 and tyrosine-phosphorylated proteins (PY), in addition to reduced tyrosine
phosphorylation of PTK6 itself. Arrows correspond to PTK6, and asterisks (*) denote IgG from the immunoprecipitation. Short (SE) and long (LE)
exposures are shown. C) Quantification of tyrosine-phosphorylated PTK6 and several binding partners normalized to total pulled-down PTK6 shows
that ALT-PTK6 reduces PTK6 interactions by greater than 50% even at low ratios. D) GST pull-down experiments were performed with GST alone or
GST-ALT-PTK6. Association of known PTK6 substrates b-catenin [23] and SAM68 [50] with ALT-PTK6 was detected by immunoblotting.
doi:10.1371/journal.pone.0014789.g002
ALT-PTK6 Regulates PTK6
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proline-rich SH2-catalytic domain linker region [47]. We were not
able to detect stable association of ALT-PTK6 with full-length
PTK6 protein (Figure 2B).
PTK6 is phosphorylated at several tyrosine residues including
tyrosine 342, which enhances its catalytic activity [4,47].
Phosphorylation of the carboxy-terminal tyrosine 447 negatively
regulates PTK6 activity [47,50], but since this residue is mutated
to phenylalanine in the PTK6 YF mutant, decreased PTK6
tyrosine phosphorylation likely represents decreased activating
phosphorylation. ALT-PTK6 also decreased association of PTK6
with tyrosine-phosphorylated proteins (Figure 2B and C). ALT-
PTK6 might compete for substrate interactions mediated by the
PTK6 SH3 domain, thus preventing PTK6 kinase from binding
with interacting proteins and phosphorylating its substrates. ALT-
PTK6 may also prevent other kinases from phosphorylating PTK6
if these associate through the PTK6 SH3 domain. We found that
ALT-PTK6 associates with endogenous Sam68 and b-catenin in
PC3 cells (Figure 2D), supporting the idea that ALT-PTK6 may
affect signaling outcomes involving these proteins.
Activation of the Wnt pathway and b-catenin/TCF transcrip-
tion contributes to cancer growth. Previously, we showed that b-
catenin transcriptional activity is repressed by nuclear-targeted
PTK6 [23]. Recently we showed that cytoplasmic PTK6 promotes
growth of prostate cancer cells. Knockdown of endogenous PTK6
protein that is largely localized to the cytoplasm resulted in
decreased PC3 cell proliferation. In contrast, reintroduction of
PTK6 protein into the nucleus led to growth inhibition [25]. Here
Figure 3. ALT-PTK6 enhances PTK6-mediated inhibition of b-catenin/TCF transcriptional activity by promoting the nuclear function
of PTK6. A) HEK293 cells were transfected with the Super 8x TOPFlash (TOPFlash) luciferase reporter construct, the control luciferase reporter
(FOPFlash), b-catenin, vector (-), or ALT-PTK6. b-catenin/TCF transcriptional activity in HEK293 cells was not affected when ALT-PTK6 was expressed in
the absence of PTK6. B) Transfections were performed as in (A), with the addition of PTK6 YF as indicated. ALT-PTK6 promotes the PTK6 YF mediated
inhibition of b-catenin transcriptional activity. Asterisks correspond to P-values of ,0.005 (**), and ,0.01 (*). C) Immunoblot analysis of fractionated
HEK293 cells expressing PTK6 YF and ALT-PTK6. ALT-PTK6 enhances nuclear localization of PTK6. b-catenin transcriptional activity is inhibited by PTK6
in the nucleus, but membrane-associated PTK6 results in increased b-catenin transcriptional activity [23]. E-cadherin and Sp1 were used as loading
controls. D) Quantification of membrane and nuclear pools of PTK6 YF. Increasing levels of ALT-PTK6 results in reduced PTK6 in the membrane
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translocation of the full length PTK6 protein (Figure 3C) and
enhances the ability of PTK6 to repress transcription of a b-
catenin/TCF reporter construct (Figure 3B). Accordingly, intro-
duction of increasing levels of ALT-PTK6 led to decreased
expression of endogenous b-catenin/TCF targets in PC3 cells
(Figure 4). In addition, induction of ALT-PTK6 in PC3 cells led to
reduced growth and colony formation (Figure 5). This is
significant, because these data indicate that ALT-PTK6 has the
potential to inhibit Wnt/b-catenin/TCF signaling and aberrant
growth in prostate cancer.
A possible model of how ALT-PTK6 might influence signaling
is proposed in Figure 6. In cancer cells, PTK6 promotes oncogenic
signaling at the membrane and in the cytoplasm through
interactions with growth factor receptors and cytoplasmic
substrates such as IRS4, paxillin, STATs, (reviewed in [1,22]),
and AKT [40]. Recently we found that PTK6 is able to directly
phosphorylate and promote activation of cytoplasmic AKT [40].
When ALT-PTK6 is present (or if the balance shifts in the favor of
ALT-PTK6) it can compete for SH3-mediated interactions of
PTK6 substrates and binding partners. This competition may
result in a reduction of membrane associated PTK6, and allow
free pools of PTK6 to enter the nucleus, where it could mediate
growth inhibitory functions by regulating b-catenin, Sam68, or
PSF. ALT-PTK6 might also block associations of other proteins
beside PTK6 through its SH3 domain, and perhaps also through
the unique proline-rich carboxyl-terminus which is conceptually
capable of interacting with unknown SH3 domains. The total
effect of ALT-PTK6 expression in cancer cells may be negative
growth regulation (Figure 5B and C). The SRC-related FYN
tyrosine kinase was recently reported to have alternatively spliced
isoforms that affect the SH2-kinase domain linker region that is
recognized by the FYN SH3 domain, resulting in altered
autoinhibition as well as altered SH3-mediated substrate recogni-
tion [59].
Our findings suggest that it is important to consider ALT-PTK6
when targeting PTK6 therapeutically. The ability of ALT-PTK6
to influence the intracellular localization of the full length protein
Figure 4. ALT-PTK6 decreases expression of b-catenin/TCF
transcriptional targets in prostate tumor cells. A) Co-transfection
of PTK6 YF and ALT-PTK6 expression constructs into PC3 cells results in
reduced expression of the b-catenin/TCF transcriptional targets Cyclin
D1 and c-Myc. Levels of endogenous b-catenin were not affected, and
b-actin was used as a loading control. The pcDNA3 vector was used to
keep the total amount of transfected DNA equal. B) Quantification of
Cyclin D1 (white bars), c-Myc (grey bars), and b-catenin (black bars)
normalized to b-actin.
doi:10.1371/journal.pone.0014789.g004
Figure 5. ALT-PTK6 inhibits the growth of PC3 prostate tumor
cells. A) The intracellular localization of tetracycline-induced ALT-PTK6
was examined by immunofluorescent staining (left) and fractionation
(right) using Myc-epitope specific antibody. Immunofluorescent stain-
ing shows ALT-PTK6 (green) is cytoplasmic in PC3 cells that were
tetracycline-induced for ALT-PTK6 expression. The IgG control used
normal serum in place of Myc-epitope specific antibody to show
background staining in tetracycline-induced cells. Nuclei are visualized
with DAPI (blue). The size bar corresponds to 20 mm. Fractionation of
PC3 cells following tetracycline induction of ALT-PTK6 (ALT) shows that
ALT-PTK6 localizes to the cytoplasmic compartment. Tetracycline-
treated PC3 cells containing vector were used as a control (Vec).
Tubulin, ErbB2, and Sp1 serve as markers for the cytoplasmic,
membrane, and nuclear fractions respectively. B) A significant decrease
in PC3 cell growth is detected when ALT-PTK6 is induced (dotted line, +
Tet) compared with uninduced (solid line, - Tet) conditions. C) Colony
formation assay of stable ALT-PTK6 inducible PC3 cells which generate
colonies when untreated (-Tet). Colony formation is inhibited when
ALT-PTK6 expression was induced (+Tet). Asterisks correspond to P-
values of ,0.01 (*) and ,0.007 (**).
doi:10.1371/journal.pone.0014789.g005
ALT-PTK6 Regulates PTK6
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influence cell signaling pathways and growth. Fully understanding
the functions of ALT-PTK6 could aid in developing a small
peptide that could specifically promote PTK6 nuclear functions,
and restore regulation of nuclear PTK6 substrates such as Sam68
and PSF, as well as inhibiting b-catenin/TCF transcriptional
activity in prostate cancer cells.
Materials and Methods
Ethics statement
The tissues from which primary cell cultures were derived were
obtained with written informed consent under approval by the
Institutional Review Board at Stanford University (protocol ID
13895) and in compliance with the Helsinki Declaration.
Cell lines and tissue culture
Most cell lines including the human prostate adenocarcinoma
cell lines PC3 and DU145, the human colon adenocarcinoma cell
lines HCT116 and SW480, the embryonic kidney cell line
HEK293, and the human hepatoma cell line HepG2 were
obtained from ATCC (Manassas VA), and cultured as recom-
mended by ATCC. The benign prostatic hyperplasia epithelial cell
line BPH-1 (a gift from Dr. Simon Hayward (Vanderbilt
University, Nashville TN)) was cultured in RPMI-1640 containing
5% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml
streptomycin [60]. Primary cultures from the peripheral zone of
normal human prostate and from primary prostate adenocarci-
nomas were established and characterized according to previously
described methods [61,62]. Tetracycline-inducible PC3 cells were
cultured with tetracycline-free fetal bovine serum (Gemini Bio-
Products, West Sacramento CA).
For colony formation assays stable tetracycline inducible cells
were serum starved for 48 hours and induced with 1 mg/ml
tetracycline (Sigma, St. Louis MO) if applicable. Cells were then
trypsinized, counted and 1.7610
4 cells seeded per well in a 6-well
tissue culture plate and cultured as parental PC3 cells with
tetracycline if appropriate. After 10 days the cells were fixed with
ice cold methanol for 10 minutes and colonies were stained using
0.5% crystal violet.
Plasmid constructs and stable cell lines
For ectopic expression of PTK6, the constitutively active
pcDNA3-Myc-PTK6 YF (PTK6 YF) construct was used, which
has the negatively regulatory tyrosine 447 mutated to phenylal-
anine. The pcDNA3 vector was used as a control and to keep total
amount of plasmid DNA constant for co-expression experiments.
Tetracycline inducible plasmid constructs were made using the
pcDNA4/TO vector (Invitrogen, Carlsbad CA) linearized using
HindIII endonuclease (Invitrogen). The 2.1 kb products of the
HindIII digests of pcDNA3-Myc-ALT-PTK6 were gel extracted
and ligated with the pcDNA4/TO vector backbone. Constructs
were sequenced using CMV-forward (59-CGCAAATGGG
CGGTAGGCGT G-39) and BGH-reverse (59-TAGAAGGCAC
AGTCGAGG-39) primers. For generation of the GST-ALT-
PTK6 expression construct, pGEX-2TK vector (GE Healthcare,
Piscataway NJ) was linearized using Sma I and the gel extracted
ALT-PTK6 fragment, which was excised from the expression
construct using Xma I and Hind III followed by filling in
overhangs, was ligated to the vector backbone in-frame with GST.
GST-ALT-PTK6 protein was produced by transforming BL21
bacteria that were allowed to grow at 37uC to an optical density of
0.8-1.0 before induction with IPTG for 2 hours and purification
using Glutathione sepharose 4B beads (GE Healthcare).
The PC3 human prostate tumor cell line was transfected with
pcDNA6/TR (Invitrogen) using lipofectamine as per manufactur-
er’s instructions. Cells were plated sparsely and transfected cells
were selected with 2 mg/ml blasticidin (Invitrogen) over a two-
week period. Single colonies of the PC3-TR (Tet Repressor) cells
were isolated, expanded, and screened by transient transfection
Figure 6. ALT-PTK6 may regulate activities of full-length PTK6. PTK6 may promote oncogenic signaling by phosphorylation and association
with transmembrane and cytosolic proteins. ALT-PTK6 can compete for SH3 interaction with PTK6 and probably other proteins through its SH3
domain (and potentially the proline-rich carboxy terminal tail). In the case of PTK6 this results in reduced PTK6 tyrosine phosphorylation, reduced
interaction with other tyrosine-phosphorylated proteins, reduced membrane association, and increased nuclear function; at least some of these
factors contribute to growth regulation such as negative regulation of b-catenin/TCF signaling.
doi:10.1371/journal.pone.0014789.g006
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of 1 mg/ml tetracycline (data not shown). A clone with no
detectable expression in the absence of tetracycline was used for
subsequent stable cell lines.
For stable tetracycline-inducible cells, PC3-TR cells were
transfected with pcDNA4/TO-Myc-ALT-PTK6 and selected as
above, adding 200 mg/ml of Zeocin (Invitrogen). Several clones
were expanded for each cell line and screened with and without
tetracycline addition by both immunoblotting and immunofluo-
rescence staining to determine expression.
Sequencing and PCR analysis of PTK6 RNA
RNA was isolated with TRIzol (Invitrogen) as per manufactur-
er’s instructions. For generating cDNA, 5 mg of total RNA was
reverse transcribed using random hexamer primers as per
manufacturer’s suggestion (Invitrogen). Two mL of the reaction
was used to amplify PTK6 cDNA for 35 cycles at 72uC using the
primers 59-CCTGGGCCCC AAGTATGT-39 (forward) and 59-
CAGAATTCCA TGGATGAAAG AGACACC-39 (reverse). The
products from the PCR were cloned into pBluescriptKSII(-), four
colonies of transformed DH5a were picked, plasmids isolated, and
sequenced. Sequences were aligned with PTK6 mRNA (Accession
NM_005975).
Semi-quantitative PCR of cDNA samples of PTK6 transcripts
was done using two sets of human PTK6 primers. Set 1: the
forward primer 59-GCTATGTGCC CCACAACTAC C-39
specific to exon 1, and the reverse primer 59-CCTGCAGAGC
GTGAACTCC-39 specific to exon 3; Set 2: the forward primer 59-
TGTGCCCCAC AACTACCTGG-39 specific to exon 1, and the
reverse primer 59-TGCAGAGCGT GAACTCCTCC-39 specific
to exon 3. The PCR reaction was carried out using an annealing
temperature of 63uC for 30 cycles. Human b-actin forward
primer: 59-AAAATCTGGC ACCACACCTT CTAC-39, and
reverse primer: 59- TAGCACAGCC TGGATAGCAA CG -39
were used to measure b-actin levels in cDNA samples as a control.
PCR reactions were separated on 1.5% agarose gels and stained
with ethidium bromide. Quantitation was performed using the
public domain NIH ImageJ program [63].
Quantitative Real Time PCR amplification was done in
triplicate using primers specific for PTK6 exon 2 (PTK6-
X2_For 59-CGGAACCGTG GTTCTTTG-39 and PTK6-
X2_Rev 59-ACTCGGCTTC TCGCTGAC-39) and exon 8
(PTK6-X8_For 59-TGTTCCTGCT CTTCCCAGTT-39 and
PTK6-X8_Rev 59-TGGGAGGAAA GAACCCTTGA-39)a s
described previously [64]. The levels of PTK6 transcripts were
normalized against the levels of cyclophilin mRNA which was
used as an internal control, and for comparison of different exons,
starting quantities were also normalized to a PTK6 plasmid
control to adjust for variations in primer efficiencies between
different exons.
Immunofluorescent staining
Ten thousand PC3 cells were added per well on a 4-chamber
culture slide (BD Biosciences, Bedford MA) and cells were allowed
to attach for 24–48 hours. Cells were fixed with Carnoy’s fixative
(60% ethanol, 30% chloroform, 10% glacial acetic acid). Primary
Myc-epitope antibody (Cell Signaling Technologies Inc., Boston
MA) was diluted 1:250 in 3% BSA (bovine serum albumin) in
TNT buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05%
Tween 20), incubated at 4uC overnight, and then detected with
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(Sigma). Cells were incubated for 5 minutes in 2 mg/ml 49,6-
diamidino-2-phenylindole (DAPI) (Sigma), rinsed twice with TNT
buffer, and mounted with mounting media (Vector Laboratories
Inc., Burlington CA).
Fractionation, immunoblotting, GST pull-down assays
and immunoprecipitation
Total cell lysates were harvested and immunoblotting was done
as described previously [14]. PC3 total cell lysates were used for
GST-pull down assays with GST and GST-ALT-PTK6 fusion
proteins [14]. Fractionation of stable inducible ALT-PTK6 PC3
cells was carried out using the ProteoExtract Subcellular
Proteosome Extraction Kit (Calbiochem, San Diego CA) as per
manufacturer’s instructions. Ten percent of the final volume for
each fraction was used. Antibodies against Cyclin D1, E-cadherin,
Neu/ErbB2, c-Myc, and Sp1 were obtained from Santa Cruz
Biotechnology (Santa Cruz CA); anti-Myc-tag antibody was
purchased from Cell Signaling Technologies; antibodies specific
to b-actin and a-tubulin were obtained from Sigma; b-catenin
specific antibody was purchased from BD Transduction Labora-
tories. For detection of phosphotyrosine proteins, a combination of
anti-phosphotyrosine antibodies from Upstate/Millipore (4G10)
and Santa Cruz (PY20) was used. For immunoprecipitation,
500 mg of total cell lysates were used as described previously [23],
using 1 mg of mouse anti-Myc-tag (Cell Signaling Technologies
Inc.) for pull-down. Quantitation of blots was performed using the
public domain NIH ImageJ program [63].
Luciferase reporter assay
Luciferase assays were conducted as described previously [23].
In brief, to determine the effects of ALT-PTK6 on b-catenin/TCF
transcription, and transcriptional inhibition by PTK6, HEK293
cells were co-transfected with Super 8X TOPflash [51] (a gift from
Dr. Randall Moon, University of Washington) containing eight
TCF/Lef binding sites (TOPflash), b-catenin, PTK6 YF and
ALT-PTK6. Renilla was used as a control for transfection
efficiency to normalize values; vector was used to keep total
amount of plasmid DNA constant. The transcriptionally dead
Super 8X FOPflash (FOPflash) was used as a negative control.
Luciferase activity was assessed 24 hours after transfection using
the Dual-Luciferase Reporter Assay System (Promega, Madison
WI) and the Clarity Microplate Luminometer (BioTek Instru-
ments Inc., Winooski VT). At least three independent experiments
were performed in duplicate.
Supporting Information
Figure S1 Quantitative PCR of PTK6 transcripts containing
exon 2 and exon 8. A) Quantitative real-time PCR analysis of
PTK6 transcripts using primers specific to exon 2 (X2) of the full-
length PTK6 transcript and exon 8 (X8) of ALT-PTK6 and PTK6
transcripts. B) Values for both exons were normalized to
cyclophilin loading control and PTK6 expression construct (which
contains exon 2 and exon 8 sequences in a 1:1 ratio). C) The ratios
of normalized PTK6 exon 8 to exon 2 were determined for each
cell line, and do not show a particular trend with regards to the
primary tumor site from which the cell lines were derived.
Found at: doi:10.1371/journal.pone.0014789.s001 (0.10 MB TIF)
Acknowledgments
We thank Dr. Mark Crompton (University of London, UK) for sharing
antibodies, Dr. Randall Moon (University of Washington, Seattle WA) for
providing the Super 8X TOPflash construct, Dr. Simon Hayward
(Vanderbilt University, Nashville TN) for BPH1 cells and Dr. Helena
Palka-Hamblin and Jessica Gierut for helpful comments and suggestions.
ALT-PTK6 Regulates PTK6
PLoS ONE | www.plosone.org 8 March 2011 | Volume 6 | Issue 3 | e14789Author Contributions
Conceived and designed the experiments: PMB YZ CDB DMP ALT.
Performed the experiments: PMB YZ MDE CDB. Analyzed the data:
PMB YZ MDE ALT. Contributed reagents/materials/analysis tools: DMP
ALT. Wrote the paper: PMB ALT.
References
1. Brauer PM, Tyner AL (2010) Building a better understanding of the intracellular
tyrosine kinase PTK6 - BRK by BRK. Biochim Biophys Acta 1806: 66–73.
2. Serfas MS, Tyner AL (2003) Brk, Srm, Frk, and Src42A form a distinct family of
intracellular Src-like tyrosine kinases. Oncol Res 13: 409–419.
3. Lee ST, Strunk KM, Spritz RA (1993) A survey of protein tyrosine
kinase mRNAs expressed in normal human melanocytes. Oncogene 8:
3403–3410.
4. Mitchell PJ, Barker KT, Martindale JE, Kamalati T, Lowe PN, et al. (1994)
Cloning and characterisation of cDNAs encoding a novel non-receptor tyrosine
kinase, brk, expressed in human breast tumours. Oncogene 9: 2383–2390.
5. Siyanova EY, Serfas MS, Mazo IA, Tyner AL (1994) Tyrosine kinase gene
expression in the mouse small intestine. Oncogene 9: 2053–2057.
6. Vasioukhin V, Serfas MS, Siyanova EY, Polonskaia M, Costigan VJ, et al. (1995)
A novel intracellular epithelial cell tyrosine kinase is expressed in the skin and
gastrointestinal tract. Oncogene 10: 349–357.
7. Llor X, Serfas MS, Bie W, Vasioukhin V, Polonskaia M, et al. (1999) BRK/Sik
expression in the gastrointestinal tract and in colon tumors. Clin Cancer Res 5:
1767–1777.
8. Lee H, Kim M, Lee KH, Kang KN, Lee ST (1998) Exon-intron structure of the
human PTK6 gene demonstrates that PTK6 constitutes a distinct family of non-
receptor tyrosine kinase. Mol Cells 8: 401–407.
9. Chen T, Boisvert FM, Bazett-Jones DP, Richard S (1999) A role for the GSG
domain in localizing Sam68 to novel nuclear structures in cancer cell lines. Mol
Biol Cell 10: 3015–3033.
10. Petro BJ, Tan RC, Tyner AL, Lingen MW, Watanabe K (2004) Differential
expression of the non-receptor tyrosine kinase BRK in oral squamous cell
carcinoma and normal oral epithelium. Oral Oncol 40: 1040–1047.
11. Derry JJ, Prins GS, Ray V, Tyner AL (2003) Altered localization and activity of
the intracellular tyrosine kinase BRK/Sik in prostate tumor cells. Oncogene 22:
4212–4220.
12. Wang TC, Jee SH, Tsai TF, Huang YL, Tsai WL, et al. (2005) Role of breast
tumour kinase in the in vitro differentiation of HaCaT cells. Br J Dermatol 153:
282–289.
13. Kasprzycka M, Majewski M, Wang ZJ, Ptasznik A, Wysocka M, et al. (2006)
Expression and oncogenic role of Brk (PTK6/Sik) protein tyrosine kinase in
lymphocytes. Am J Pathol 168: 1631–1641.
14. Vasioukhin V, Tyner AL (1997) A role for the epithelial-cell-specific tyrosine
kinase Sik during keratinocyte differentiation. Proc Natl Acad Sci U S A 94:
14477–14482.
15. Haegebarth A, Bie W, Yang R, Crawford SE, Vasioukhin V, et al. (2006)
Protein tyrosine kinase 6 negatively regulates growth and promotes enterocyte
differentiation in the small intestine. Mol Cell Biol 26: 4949–4957.
16. Haegebarth A, Nunez R, Tyner AL (2005) The intracellular tyrosine kinase Brk
sensitizes non-transformed cells to inducers of apoptosis. Cell Cycle 4:
1239–1246.
17. Haegebarth A, Perekatt AO, Bie W, Gierut JJ, Tyner AL (2009) Induction of
protein tyrosine kinase 6 in mouse intestinal crypt epithelial cells promotes DNA
damage-induced apoptosis. Gastroenterology 137: 945–954.
18. Barker KT, Jackson LE, Crompton MR (1997) BRK tyrosine kinase expression
in a high proportion of human breast carcinomas. Oncogene 15: 799–805.
19. Ostrander JH, Daniel AR, Lofgren K, Kleer CG, Lange CA (2007) Breast tumor
kinase (protein tyrosine kinase 6) regulates heregulin-induced activation of
ERK5 and p38 MAP kinases in breast cancer cells. Cancer Res 67: 4199–4209.
20. Harvey AJ, Pennington CJ, Porter S, Burmi RS, Edwards DR, et al. (2009) Brk
protects breast cancer cells from autophagic cell death induced by loss of
anchorage. Am J Pathol 175: 1226–1234.
21. Schmandt RE, Bennett M, Clifford S, Thornton A, Jiang F, et al. (2006) The
BRK tyrosine kinase is expressed in high-grade serous carcinoma of the ovary.
Cancer Biol Ther 5: 1136–1141.
22. Ostrander JH, Daniel AR, Lange CA (2010) Brk/PTK6 signaling in normal and
cancer cell models. Curr Opin Pharmacol.
23. Palka-Hamblin HL, Gierut JJ, Bie W, Brauer PM, Zheng Y, et al. (2010)
Identification of {beta}-catenin as a target of the intracellular tyrosine kinase
PTK6. J Cell Sci 123: 236–245.
24. Ie Kim H, Lee ST (2009) Oncogenic functions of PTK6 are enhanced by its
targeting to plasma membrane but abolished by its targeting to nucleus.
J Biochem 146: 133–139.
25. Brauer PM, Zheng Y, Wang L, Tyner AL (2010) Cytoplasmic retention of
protein tyrosine kinase 6 promotes growth of prostate tumor cells. Cell Cycle 9:
4190–4199.
26. Beildeck ME, Gelmann EP, Byers SW (2010) Cross-regulation of signaling
pathways: an example of nuclear hormone receptors and the canonical Wnt
pathway. Exp Cell Res 316: 1763–1772.
27. Robinson DR, Zylstra CR, Williams BO (2008) Wnt signaling and prostate
cancer. Curr Drug Targets 9: 571–580.
28. Wang G, Wang J, Sadar MD (2008) Crosstalk between the androgen receptor
and beta-catenin in castrate-resistant prostate cancer. Cancer Res 68:
9918–9927.
29. Playford MP, Bicknell D, Bodmer WF, Macaulay VM (2000) Insulin-like growth
factor 1 regulates the location, stability, and transcriptional activity of beta-
catenin. Proc Natl Acad Sci U S A 97: 12103–12108.
30. Verras M, Sun Z (2005) Beta-catenin is involved in insulin-like growth factor 1-
mediated transactivation of the androgen receptor. Mol Endocrinol 19:
391–398.
31. Yang F, Li X, Sharma M, Sasaki CY, Longo DL, et al. (2002) Linking beta-
catenin to androgen-signaling pathway. J Biol Chem 277: 11336–11344.
32. Wai PY, Kuo PC (2008) Osteopontin: regulation in tumor metastasis. Cancer
Metastasis Rev 27: 103–118.
33. Robertson BW, Chellaiah MA (2010) Osteopontin induces beta-catenin
signaling through activation of Akt in prostate cancer cells. Exp Cell Res 316:
1–11.
34. Essers MA, de Vries-Smits LM, Barker N, Polderman PE, Burgering BM, et al.
(2005) Functional interaction between beta-catenin and FOXO in oxidative
stress signaling. Science 308: 1181–1184.
35. Jin T, George Fantus I, Sun J (2008) Wnt and beyond Wnt: multiple
mechanisms control the transcriptional property of beta-catenin. Cell Signal 20:
1697–1704.
36. Pasco MY, Catoire H, Parker JA, Brais B, Rouleau GA, et al. (2010) Cross-talk
between canonical Wnt signaling and the sirtuin-FoxO longevity pathway to
protect against muscular pathology induced by mutant PABPN1 expression in
C. elegans. Neurobiol Dis.
37. Irie HY, Shrestha Y, Selfors LM, Frye F, Iida N, et al. PTK6 regulates IGF-1-
induced anchorage-independent survival. PLoS One 5: e11729.
38. Qiu H, Zappacost F, Su W, Annan RS, Miller WT (2005) Interaction between
Brk kinase and insulin receptor substrate-4. Oncogene 24: 5656–5664.
39. Chakraborty G, Jain S, Kundu GC (2008) Osteopontin promotes vascular
endothelial growth factor-dependent breast tumor growth and angiogenesis via
autocrine and paracrine mechanisms. Cancer Res 68: 152–161.
40. Zheng Y, Peng M, Wang Z, Asara JM, Tyner AL (2010) Protein tyrosine kinase
6 directly phosphorylates AKT and promotes AKT activation in response to
epidermal growth factor. Mol Cell Biol 30: 4280–4292.
41. Zhang P, Ostrander JH, Faivre EJ, Olsen A, Fitzsimmons D, et al. (2005)
Regulated association of protein kinase b/akt with breast tumor kinase. J Biol
Chem 280: 1982–1991.
42. Chan E, Nimnual AS (2010) Deregulation of the cell cycle by breast tumor
kinase (Brk). Int J Cancer.
43. Hoogeboom D, Essers MA, Polderman PE, Voets E, Smits LM, et al. (2008)
Interaction of FOXO with beta-catenin inhibits beta-catenin/T cell factor
activity. J Biol Chem 283: 9224–9230.
44. Manolagas SC, Almeida M (2007) Gone with the Wnts: beta-catenin, T-cell
factor, forkhead box O, and oxidative stress in age-dependent diseases of bone,
lipid, and glucose metabolism. Mol Endocrinol 21: 2605–2614.
45. Takahashi-Yanaga F, Kahn M. Targeting Wnt signaling: can we safely eradicate
cancer stem cells? Clin Cancer Res 16: 3153–3162.
46. Mitchell PJ, Barker KT, Shipley J, Crompton MR (1997) Characterisation and
chromosome mapping of the human non receptor tyrosine kinase gene, brk.
Oncogene 15: 1497–1502.
47. Qiu H, Miller WT (2002) Regulation of the nonreceptor tyrosine kinase Brk by
autophosphorylation and by autoinhibition. J Biol Chem 277: 34634–34641.
48. Kim HI, Jung J, Lee ES, Kim YC, Lee WP, et al. (2007) Molecular dissection of
the interaction between the SH3 domain and the SH2-Kinase Linker region in
PTK6. Biochem Biophys Res Commun 362: 829–834.
49. Ko S, Ahn KE, Lee YM, Ahn HC, Lee W (2009) Structural basis of the auto-
inhibition mechanism of nonreceptor tyrosine kinase PTK6. Biochem Biophys
Res Commun 384: 236–242.
50. Derry JJ, Richard S, Valderrama Carvajal H, Ye X, Vasioukhin V, et al. (2000)
Sik (BRK) phosphorylates Sam68 in the nucleus and negatively regulates its
RNA binding ability. Mol Cell Biol 20: 6114–6126.
51. Veeman MT, Axelrod JD, Moon RT (2003) A second canon. Functions and
mechanisms of beta-catenin-independent Wnt signaling. Dev Cell 5: 367–377.
52. MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling:
components, mechanisms, and diseases. Dev Cell 17: 9–26.
53. Haegebarth A, Heap D, Bie W, Derry JJ, Richard S, et al. (2004) The nuclear
tyrosine kinase BRK/Sik phosphorylates and inhibits the RNA-binding activities
of the Sam68-like mammalian proteins SLM-1 and SLM-2. J Biol Chem 279:
54398–54404.
54. Lukong KE, Huot ME, Richard S (2009) BRK phosphorylates PSF promoting
its cytoplasmic localization and cell cycle arrest. Cell Signal 21: 1415–1422.
55. Matter N, Herrlich P, Konig H (2002) Signal-dependent regulation of splicing
via phosphorylation of Sam68. Nature 420: 691–695.
ALT-PTK6 Regulates PTK6
PLoS ONE | www.plosone.org 9 March 2011 | Volume 6 | Issue 3 | e1478956. Cohen CD, Doran PP, Blattner SM, Merkle M, Wang GQ, et al. (2005) Sam68-
like mammalian protein 2, identified by digital differential display as expressed
by podocytes, is induced in proteinuria and involved in splice site selection of
vascular endothelial growth factor. J Am Soc Nephrol 16: 1958–1965.
57. Greco-Stewart VS, Thibault CS, Pelchat M (2006) Binding of the polypyr-
imidine tract-binding protein-associated splicing factor (PSF) to the hepatitis
delta virus RNA. Virology 356: 35–44.
58. Paronetto MP, Cappellari M, Busa R, Pedrotti S, Vitali R, et al. (2010)
Alternative Splicing of the Cyclin D1 Proto-Oncogene Is Regulated by the
RNA-Binding Protein Sam68. Cancer Res 70: 229–239.
59. Brignatz C, Paronetto MP, Opi S, Cappellari M, Audebert S, et al. (2009)
Alternative splicing modulates autoinhibition and SH3 accessibility in the Src
kinase Fyn. Mol Cell Biol 29: 6438–6448.
60. Hayward SW, Dahiya R, Cunha GR, Bartek J, Deshpande N, et al. (1995)
Establishment and characterization of an immortalized but non-transformed
human prostate epithelial cell line: BPH-1. In Vitro Cell Dev Biol Anim 31:
14–24.
61. Peehl DM (1992) Culture of human prostatic epithelial cells. In: Culture of
Epithelial Cells; RF, ed. New York, Wiley-Liss. pp 159–180.
62. Peehl DM (2005) Primary cell cultures as models of prostate cancer
development. Endocr Relat Cancer 12: 19–47.
63. Rasband WS (1997–2011) Bethesda, Maryland, USA: ImageJ. U S National
Institutes of Health, http://imagej.nih.gov/ij/.
64. Dominguez-Brauer C, Chen YJ, Brauer PM, Pimkina J, Raychaudhuri P (2009)
ARF stimulates XPC to trigger nucleotide excision repair by regulating the
repressor complex of E2F4. EMBO Rep 10: 1036–1042.
ALT-PTK6 Regulates PTK6
PLoS ONE | www.plosone.org 10 March 2011 | Volume 6 | Issue 3 | e14789